A novel system for the recovery of reinforcing fibers from fiber reinforced plastics (FRP) and their recycling technology has been developed on the basis of the thermal activation of semiconductors (TASC). TASC is our new technology characterized by the use of oxidative properties of defect electrons (i.e., hole) of semiconductors. The present technology enables us to totally decompose a polymer matrix in FRP into H 2 O and CO 2 in 1020 min at about 400500°C in air, yielding only embedded reinforcing fibers in their original form. Characterization of the recovered glass fibers or carbon fibers has also been carried out by optical microscope, scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS), X ray diffraction (XRD), as well as thermogravimetric analysis and differential thermal analysis (TGA/DTA). The analysis revealed that no noticeable difference is recognized between the virgin reinforcing fibers and the recovered ones, but the sizing agent has also totally been removed. Therefore, it is necessary to coat a sizing material again when the recovered fibers are reused for recycling.
Introduction
As is well known, fiber reinforced plastics (FRPs) are characterized by high mechanical strength, lightweight, and therefore used widely in construction-related areas, for example, aircrafts, ships, automobiles, etc. However, these outstanding properties of FRPs can, in turn, cause a serious problem as to the wastes for disposal or recycling. 1) Currently, FRP wastes are mostly landfilled, although partly used for the cement kiln fuel. 2, 3) In parallel, a chemical approach has also been made to dissolve or depolymerize the resin away from the fibers. 4, 5) Another emerging technology is to make use of sub-or supercritical fluids for decomposition of polymers. 6, 7) However, these are complicated wet processes and appear unsuited to practical use.
In view of the above situation, an attempt has been made in our previous investigation 8) to reclaim glass fibers from FRPs on the basis of our novel technology that utilizes thermal activation of semiconductors (TASC).
911) TASC here means that the semiconductor exhibits no catalytic effects at room temperature, but we accidentally found the appearance of significant catalytic effects when heated at elevated temperatures at about 350500°C. Our previous experiment was carried out in powdered systems based on oxide-semiconductors for complete decomposition of FRP matrix of glass-fiber FRP (GFRP). 8) A GFRP plate was placed on powdered Cr 2 O 3 in a ceramic crucible and then heated in air in an oven at 500°C. In 10 min, the FRP matrix was entirely decomposed into H 2 O and CO 2 , giving a chopped strand mat of glass fibers in the original form. The present experiment verified the effectiveness of our method. However, the decomposition system must be profitable in practice, and thus the system must be as simple as possible. With this requirement in mind, a novel system based on the TASC technology has been developed in the present investigation that utilizes a radical initiation and multiplication by sandwiching an FRP plate between two Cr 2 O 3 -coated honeycomb substrates.
Outline of the TASC Technology and an Example of Complete Decomposition of Polycarbonate (PC) by TASC
The TASC technology is characterized by the use of highly oxidative holes generated by thermal excitation of semiconductors. Oxide semiconductors such as TiO 2 , ZnO, Cr 2 O 3 , Fe 2 O 3 etc. are particularly preferred for this purpose, since the decomposition experiment is carried out in air at high temperatures. Among these, we are particularly interested in Cr 2 O 3 because of its high stability (melting point: about 2000°C). In addition, its safety is ensured as shown by the fact that Cr 2 O 3 is widely used in our daily life as the colorant for glass dyeing of whisky or wine bottles etc.
Since the oxidative holes are also available by optical excitation as shown in Fig. 1(a) , we will first show how the thermal excitation is, by far, advantageous to the optical excitation, as far as the number of available holes is concerned. When the semiconductor is excited by a photon whose energy is larger than the band gap, then an electron in the valence band is excited to the conduction band, leaving behind a positively-charged defect electron called hole in the valence band. Both electrons and holes are mobile and contribute to the increase in electrical conductivity. This is known as the photoconducting phenomenon. These holes are utilized, for example, in photocatalysts for decomposition of organic compounds adsorbed on the surface. However, the decomposition performance is known to be quite poor. Then, an important question arises how we can construct a strong oxidation system with semiconductors. The answer is very simple: that is, we should create a vast number of holes in the valence band. Then, we suppose that we can achieve it with higher light intensity. However, this is not the case. The electrons and holes are immediately recombined after excitation, because the light excitation occurs only on the surface of semiconductors, where there are a number of carrier recombination centers due to lattice defects. Therefore, the increase in electrical conductivity is limited to, at most, one order of magnitude. Instead, we then considered the thermal excitation [ Fig. 1(b) ] which is the bulk excitation rather than the surface one. The number of electrons and holes can be created in accordance with an exponential function of temperature according to the semiconductor theory. 12) In fact, our experiment using a single crystal of TiO 2 showed that the resistivity is about 10 11 ³ cm at RT, however the resistivity is remarkably reduced to only 15 ³ cm at 500°C. 10) That is, the resistivity is reduced by ten orders of magnitude! This clearly indicates the formation of a vast number of charge carriers. This is actually the effect of the TASC that we found which leads to the appearance of significant catalytic effects.
911)
We will show below an example of the instantaneous, complete decomposition of PC by TASC together with its destruction mechanism. 9, 10) We carried out an experiment using two glass tubes, each of which contains PC chips in the presence or absence of TiO 2 used as a semiconductor. These were heated in air at 500°C for 30 min. The PC in the absence of TiO 2 melted at about 200°C and then boiled, ending up with the carbonization. This is a typical result when a plastic is roasted in air. On the other hand, no trace of PC was recognized in the presence of TiO 2 . Here remain just white powders of TiO 2 . A gas analysis of the decomposition product was made by mass spectrometer and the result will be shown in Fig. 2(a) . 10) Since the experiment was performed in air, we see peaks of N 2 (28) and O 2 (32) that are components of air, as well as peaks of H 2 O (18) and CO 2 (44). Furthermore, we observed a peak of Ca (40). This is due to a metallic soap of Ca used as a lubricant in optical discs. The present result indicates that PC (molecular weight: about 25,000) has entirely been decomposed into H 2 O and CO 2 in an instance. This is an amazing effect! On the other hand, when the experiment was carried out under vacuum, we see a number of small fragments as shown in Fig. 2(b) . However, these peaks disappear in an oxygen atmosphere, leaving only two peaks of H 2 O and CO 2 . This clearly indicates that oxygen is absolutely necessary for the disappearance of fragment peaks.
On the basis of the above experiments as well as those by electron spin resonance (ESR) for radicals, we previously proposed the following destruction mechanism as shown in Fig. 3 . 9, 10) The interface drawn by the dotted circle is magnified as shown in the inset, where PC chains are adsorbed on the surface of TiO 2 . The first process of the decomposition reaction is the capture of bonded electrons from PC chains, leaving behind cation free radicals. The free radical is unstable and can propagate throughout the polymer chain at 350500°C. This makes the whole chain unstable and induces a radical splitting resulting in the fragmentation of the giant molecule, just the reverse of radical polymerization. The fragmented molecules then react with oxygen in air to completely burn to give rise to H 2 O and CO 2 . 
Ideas for Constructing a Simplified System for FRP Decomposition
In order to greatly simplify our powdered system described in Ref. 8) , we looked closely again into the destruction mechanism illustrated in the inset of Fig. 3 and focused on the formation of free radicals and their propagation throughout the polymer chains. Then, we felt convinced that the free radicals multiply spontaneously to induce the radical splitting, so that a giant molecule can be fragmented into small pieces such as ethylene, propane etc. This prompted us to believe that we have only to create seed radicals in FRP that trigger the multiplication of radicals.
After several trials in vain, the seed radical was successfully formed in FRPs by simply sandwiching an FRP plate with two Cr 2 O 3 -coated honeycomb substrates so that the FRP plate is mechanically in contact with Cr 2 O 3 , and the FRP plate was then heat-treated at 350500°C in air for several minutes. Great care was taken to sufficiently introduce air into the furnace during the firing so that the fragmented molecules can perfectly be burnt in reaction with oxygen in air. Alternatively, surface coating of FRP plates with powdered Cr 2 O 3 (for example, by dipping) was also found effective as a pre-treatment for the firing process. The coating was especially preferred for FRPs of any shape (that is, not the plate form as described above) and achieved by dipping FRPs into a suspension which includes powdered Cr 2 O 3 .
Experiment

Materials, preparation of GFRPs, CFRPs and
Cr 2 O 3 -coated honeycomb substrates Glass fiber fabrics (Glass Rosen Cloth R300N100V) were purchased from Unitika Glass Fiber Co., Ltd., whereas carbon fiber textiles (Torayca Cloth CO6343) were obtained from Toray Industries, Inc. Both glass fibers and carbon fibers are usually surface-treated with, for example, silane coupling agents and epoxy resins, respectively, in order to enhance the affinity between fiber and polymer matrix. However, details on these sizing materials are not available in open literatures.
Glass fiber or carbon fiber fabrics were impregnated with an epoxy-resin of XNR6815 and a hardener of XNH6815 from Nagase ChemteX Corporation, using a Vacuum Assisted Resin Transfer Molding (VARTM) machine. Then, the plates were cured at room temperature for 24 h, followed by post curing at 50°C for 12 h. Plates of the GFRP or CFRP (about 25 © 80 mm 2 in area and 2 mm in thickness) were used for decomposition experiments.
The GFRP plate was sandwiched between two Cr 2 O 3 -coated honeycomb-substrates and heated in a furnace at 500°C in air for 10 min. Likewise, a CFRP plate of the same size was heat-treated at 400°C in air for 10 min: about 100°C lower than that of GFRP. This is because the carbon fiber reacts with oxygen in air above 450°C to yield CO 2 . Both glass fibers and carbon fibers were perfectly recovered with the TASC technology as though these were virgin textiles. 
Equipment for characterization of the reinforcing
fibers A digital microscope of MHX-2000 and a scanning electron microscope (SEM) of VE-8800, both of which are from Keyence Corporation, were used for optical and SEM images, respectively. Powder X-ray diffraction experiments were made on an R-AXIS RAPID-F diffractometer from Rigaku. Raman spectra were measured by an NRS-3100 laser Raman microscope-spectrophotometer from JASCO Corp.
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA), as well as X-ray photoelectron spectroscopy (XPS) measurements were carried out in order to study the surface-coating material (i.e., sizing materials) of reinforcing fibers. TGA/DTA measurements were performed in air with a heating rate of 10°C/min, using a Rigaku Thermo Plus 8230. Temperature dependence of XPS spectra was made on fibers in the range between RT and 500°C in steps of 50°C, using a JEOL photoelectron spectrometer (model: JPS-9010 MC) with MgK¡ radiation (1253.6 eV) in the temperature range between RT and 500°C. The monitored species were C1s, O1s, and Si2p for glass fibers; whereas C1s and O1s for carbon fibers. The binding energies of the photoelectron peaks were calibrated by using the Ag3d 5/2 peak (368.2 eV).
Results and Discussion
Decomposition of GFRPs and CFRPs of the plate
form Recovery experiments of GFRP plates were made at 500°C for 10 min in air. Figures 4(a) and 4(b) show the GFRP plates before use and after recovery, respectively. It is apparent that the polymer matrix was entirely decomposed to yield only glass-fiber textiles. The recovered textile looks and feels just like original virgin textile. Figure 4 (c) is a magnified picture of the recovered glass fiber textile. The glass fiber textile appears to be perfectly reclaimed from the GFRP without any damage.
CFRP plates were treated in a similar way. However, the decomposition was carried out at 400°C in air for 10 min. Figures 5(a) and 5(b) show the CFRP plates before use and after recovery, respectively. Here again, the polymer matrix was entirely decomposed, exposing recovered textile sheets of carbon fibers in the form of layers. The recovered textile looks really undamaged.
Decomposition of FRPs of any shape
We have shown so far the successful results of FRP decomposition of the plate form sandwiched between Cr 2 O 3 -coated honeycomb substrates. We will show below that FRPs of any shape can also be treated in a similar way. In this case, we need to coat the FRP with a thin layer of Cr 2 O 3 as a pre-treatment for the TASC process. A thin layer of Cr 2 O 3 (about 510 µm in thickness) was applied by dipping FRPs of any shape into a Cr 2 O 3 -containing suspension. Just in FRPs of the plate form, self-multiplication of free radicals occurs on the surface as well as in the bulk of FRP. Figure 6 (a) is an example of the motor coils recovered from the mold motor (used in an air conditioner) that was embedded in a mold resin. The process was carried out at 400°C for 20 min in air. Figure 6(b) is a recovered glassepoxy circuit board integrated in the motor. The encapsulating epoxy resin in IC chip has completely been decomposed, exposing a copper base plate. The circuit board was originally colored green, but now white due to the recovered glass-fiber textile. Cu leads as well as the trace of an IC chip are also seen in the picture.
Characterization of the recovered glass fibers
Figures 7(a) and 7(b) show the SEM images for one single glass fiber before use and after recovery, respectively. No difference can be recognized in appearance between these images. Figure 8 shows the Raman spectra of one single glass fiber before use and after recovery, both of which are characterized by two Raman peaks at about 500 and 1025 cm ¹1 . No difference is recognized between two spectra in peak position as well as in spectral shape, although the spectrum after recovery is slightly broader. In Fig. 9 are shown the XRD diagrams before use and after recovery of glass fibers. These are similar to each other and exhibit halo diffraction patterns characterized by an amorphous state.
TGA/DTA and XPS measurements were made on glass fibers before use and after recovery in order to study the existence of the sizing agent applied on the surface of glass fibers. Attention was also focused on how the sizing agent will be detached from the surface with increasing temperature. Figures 10(a) and 10(b) show the TGA/DTA curves for the glass fibers before use and after recovery, respectively. An abrupt decrease in weight of about 0.5% is clearly observed at about 265°C in Fig. 10(a) , accompanied by a small peak of heat flow at this temperature in DTA. This is attributed to the weight loss caused by the sizing agent. On the other hand, the glass fibers recovered exhibits no change in weight loss [ Fig. 10(b) ], suggesting that no sizing material exists any more on the surface. Thermal detachment of the sizing agent was observed more clearly in the temperature dependence of XPS spectra monitoring C1s, O1s and Si2p peaks. We assume here that the sizing material is a silane coupling agent [(RO) 3 -SiCH 2 CH 2 CH 2 X, where RO is a hydrolyzable group, such as methoxy, ethoxy, or acetoxy, and X is an organofunctional group, such as amino, methacryloxy, epoxy, etc.]. Figures 11(a), 11(b) and 11(c) show the C1s, O1s and Si2p spectra at RT for the samples before use and after recovery, respectively; whereas Fig. 11(d) is the temperature dependence of the Si2p spectrum for the sample before use. The C1s signal is mainly responsible for the sizing material and partly for contaminants, since the glass fiber itself includes no carbon atoms. In Fig. 11(a) , the C1s signal is found to be remarkably diminished for the sample after recovery. The same tendency is also observed for the O1s and Si2p spectra. O1s is due mainly to the oxygen component in the silane coupling agent and partly adsorbed and/or absorbed oxygen. The Si2p signals arise from the silane coupling agent as well as from the glass fiber. The present results clearly indicate that the sizing material has mostly been removed by the TASC treatment. Figure 11(d) shows the temperature dependence of the Si2p spectrum for the sample before use in the range from RT to 500°C. While the Si2p peak at about 104 eV exhibits no significant change in both position and intensity from RT to 250°C. Then, the peak begins to be appreciably displaced toward higher binding energies at about 300°C, accompanied by an increase in intensity. This explains that the silane coupling agent starts to be detached above 300400°C, causing the underlayer of SiO 2 (i.e., glass fiber) to be exposed to the surrounding. This result is fairly well in agreement with that of the TGA/DTA measurement shown in Fig. 10(a) . It should also be noted (though not shown here) that the XPS spectra of C1s, O1s and Si2p for the sample after recovery exhibit no noticeable change in temperature. This is fully consistent with the result shown in Fig. 10(b) .
Characterization of the recovered carbon fibers
Figures 12(a) and 12(b) show the SEM images for one single carbon fiber before use and after recovery, respectively. No noticeable difference is recognized in appearance between them. Figure 13 shows the Raman spectra of carbon fibers before use and after recovery. The Raman spectra were characterized by two peaks at about 1600 and 1350 cm ¹1 . The Raman shift at 1600 cm ¹1 is characteristic of the highly oriented pyrolytic graphite (G band); whereas the peak at about 1350 cm ¹1 (D band: so to speak disorder-induced peak) appears when the carbon includes some amorphous or diamond-like components. 13) No significant difference is found in peak position between both spectra. Figure 14 shows the X-ray diffraction diagrams for carbon fibers before use and after recovery. The diffraction peaks are assigned as shown to the graphite structure (space group: P6_3mc) in accordance with the structural report.
14) The diffraction intensity of the (002) plane at about 2ª = 26°is slightly higher in the sample before use than that after recovery. All the rest remains intact.
In CFRPs, expoxy resins are widely used as sizing materials, although this is not explicitly described in open literatures. Just as in the decomposition experiment of GFRPs, TGA/DTA and XPS measurements were performed on carbon fibers before use and after recovery. Figures 15(a) and 15(b) show the TGA/DTA curves for carbon fibers before use and after recovery, respectively. The sample before use exhibits a weight loss of about 1.3% at about 300°C, as also accompanied by a change in heat flow in the DTA curve. This suggests the detachment of the sizing material. On the other hand, in recovered carbon fibers [ Fig. 15(b) ], no Fig. 11 (a) C1s spectra at RT for the glass fiber before use and after recovery, (b) O1s spectra at RT for the glass fiber before use and after recovery, (c) Si2p spectra at RT for the glass fiber before use and after recovery and (d) temperature dependence of the Si2p spectra for the glass fiber before use. noticeable change is observed in weight loss in the temperature range between RT and 500°C. This confirms that no sizing material exists any more on the surface of the carbon fiber.
In CFRP, we assume again that the sizing material is an epoxy resin. Figures 16(a) and 16(b) show the C1s and O1s spectra at RT for the samples before use and after recovery; whereas Fig. 16(c) is the temperature dependence of the O1s spectrum for the sample after recovery. The C1s signal is, for the most part, due to the carbon fiber and partly to the epoxy resin; whereas the O1s signal is mainly caused by the epoxy component together with a small quantity of adsorbed and/or absorbed oxygen in the sample. As revealed from Fig. 16(a) , a small reduction in intensity as well as a small change in binding energy is recognized for the sample after recovery.
Furthermore, a significant reduction of the O1s signal is also observed in the O1s spectrum shown in Fig. 16(b) . The above results indicate that the sizing material has mostly be removed the TASC process. Further evidence is given by the temperature dependence of the O1s spectrum as shown in Fig. 16(c) . The O1s peak at RT is displaced to higher energies above 350°C, accompanied by the decrease in intensity. The present chemical shift corresponds approximately to the weight loss in the TGA/DTA curve [ Fig. 15(a) ]. The fact that the reduction in O1s intensity above 350°C while the peak position remains unchanged is presumably attributed to the desorption of oxygen adsorbed on the surface and/or absorbed in the bulk of carbon fibers.
Sizing agents
As revealed from sections 5.3 and 5.4, the sizing agents are also found to be either decomposed by TASC or detached thermally from the surface of reinforcing fibers above 265°C in GFRP (about 0.5 mass% of presumably a silane coupling agent) and 300°C in CFRP (about 1.3 mass% of presumably an epoxy resin), respectively. It is therefore necessary to coat a sizing material again when the recovered fibers are reused for recycling.
Conclusions and Concluding Remarks
A greatly simplified process based on the TASC technology has been developed for the recovery of reinforcing fibers from FRP with major focus on the self-multiplication of free radicals. In parallel, characterization of the recovered fibers have also been carried out by optical microscope, SEM, XPS, XRD, as well as TGA/DTA. The conclusions drawn from the present investigation can be summarized as follows:
(1) When FRP plates (sandwiched between two Cr 2 O 3 -coated honeycomb substrates), or FRPs of any shape (covered with a thin layer of Cr 2 O 3 ) are thermally activated in air, radicals can immediately be created and then propagated throughout the FRP. These radicals multiply spontaneously to induce the radical splitting to decompose a matrix polymer into small pieces. This results in the complete combustion of fragmented molecules. This is a very simple, 100%-dry process for practical use. (2) The TASC technology entirely removes the polymer matrix as well as the sizing material, giving rise to glass fiber or carbon fiber textiles. No noticeable difference is recognized in appearance between the virgin reinforcing fibers and the recovered ones. Nevertheless, we need to coat a sizing material again in order to reuse the recovered fibers.
(3) Our attention is now centered on the construction of a lab-scale continuous recycling system. We believe that the TASC technology opens up a new horizon for the industrial disposal of FRPs. (4) The present technology can also be utilized to recover metals from mold motors as well as to reclaim glass fiber fabrics from glass-epoxy circuit boards.
